Nearly half of ribosomal proteins are composed of a domain on the ribosome surface and a loop or extension that penetrates into the organelle's RNA core. Our previous work showed that ribosomes lacking the loops of ribosomal proteins uL4 or uL22 are still capable of entering polysomes. However, in those experiments we could not address the formation of mutant ribosomes, because we used strains that also expressed wild-type uL4 and uL22. Here, we have focused on ribosome assembly and function in strains in which loop deletion mutant genes are the only sources of uL4 or uL22 protein. The uL4 and uL22 loop deletions have different effects, but both mutations result in accumulation of immature particles that do not accumulate in detectable amounts in wildtype strains. Thus, our results suggest that deleting the loops creates kinetic barriers in the normal assembly pathway, possibly resulting in assembly via alternate pathway(s). Furthermore, deletion of the uL4 loop results in cold-sensitive ribosome assembly and function. Finally, ribosomes carrying either of the loop-deleted proteins responded normally to the secM translation pausing peptide, but the uL4 mutant responded very inefficiently to the cmlA crb pause peptide.
INTRODUCTION
Cytoplasmic ribosomes consist of two unequal subunits, referred to as the small subunit (SSU) and the large subunit (LSU), that jointly contain several rRNA molecules and, depending on the organism, 55-80 ribosomal proteins (1, 2) . Despite differences in the protein composition and the length of the rRNAs, the ribosome structure is largely conserved in prokaryotes, eukaryotes and archaea (3) (4) (5) (6) (7) (8) (9) . Ribosomal RNA performs key catalytic functions, but genetic evidence accumulating since the 1960's demonstrates that the ribosomal proteins are nevertheless important for ribosome biogenesis and function (10) (11) (12) (13) (14) (15) .
Ribosome biogenesis in Escherichia coli begins with the transcription of a precursor RNA containing segments that will become the 16S rRNA of the SSU as well as the 23S rRNA and 5S rRNA of the LSU. Interstitial RNA sequences, called spacers, and tRNA genes separate the 16S, 23S and 5S rRNA elements in the primary transcript (16) . Formation of functional ribosomes requires the coordination of multiple intertwined processes (17) including the folding, chemical modification, enzymatic cleavage and trimming of rRNA precursor ('rRNA processing') which result in extraction of the final mature rRNAs and tRNAs and degradation of the spacer RNA elements (18) . The rRNA processing is coordinated with the binding of ribosomal proteins in a hierarchical manner; sequential waves of ribosomal proteins bind to the rRNA and modify the structure of the nascent ribosome to create binding sites for later binding proteins (19, 20) . The in vivo folding of rRNA into the optimal functional structure requires not only the cleavage of precursor rRNA and interaction between ribosomal proteins (21, 22) and rRNA, but also assembly factors that work morphopoetically by binding intermittently to the precursor ribosomes and/or that catalyze the release of energy from nucleoside triphosphates or that modify rRNA and proteins (23) (24) (25) . Notwithstanding many fundamental studies of protein-induced changes in the rRNA structure, much is still to be learned about the role of ribosomal proteins in the formation and function of ribosomes.
Nearly half of ribosomal proteins are composed of a domain, typically globular, located on the surface of the ribosome and a loop or extension that penetrates into the RNA core of the ribosome and co-folds with the rRNA (3, 4, (26) (27) (28) . These loops and extensions represent <20% of the protein mass in the ribosome, but account for more than 40% of the total protein-RNA interactions within the ribosome, suggesting that these extensions may play an important role in stabilizing rRNA tertiary structure. Moreover, the extensions have evolved a higher mol percent of glycine, arginine and lysine than the globular domains residing on the ribosome surface (29, 30) . The abundance of positively charged basic residues allows the extensions to neutralize the highly negative charge of the rRNA backbone, while the high glycine content confers the flexibility to avoid steric clashes in the very dense rRNA landscape (30) .
The extended loops of ribosomal proteins uL4 and uL22 (L4 and L22 according to classic E. coli nomenclature, see ref. 1) reach from the globular surface domain all the way into the peptide exit tunnel ( Figure 1A ), the narrow conduit through which nascent peptides travel from the peptidyl transfer center to the exterior of the ribosome (3, 4) . Portions of the uL4 and uL22 extended loops are exposed in the interior lumen of the tunnel, which is otherwise comprised of rRNA. Moreover, the tips of the two loops form a constriction that is the narrowest point in the tunnel. Located close to this constriction is the binding pocket for erythromycin and other macrolides and ketolides (31, 32) . Alterations in the uL4 and uL22 extended loops confer changes to the ribosome sensitivity to these antibiotics, even though the proteins do not directly contact the binding pocket (5, (33) (34) (35) .
We previously showed that, despite the extensive interactions of the uL4 and uL22 loops with the rRNA, loopdeleted uL4 or uL22 are incorporated into ribosomes and such ribosomes are associated with polysomes (36) . However, these studies focused on mature ribosomes. To gain further insight into the roles of the uL4 and uL22 extensions in ribosomal assembly and translation we have examined mutant strains encoding only loop-less uL4 or uL22 genes.
MATERIALS AND METHODS

Strains and media
Strain uL4-loop4, henceforth referred to as uL4-loop ( Figure 1B) , is a spontaneous mutant derived from E. coli A19 (37) (referred to as 'wild-type') by selecting for growth on LB containing 2 mg/ml troleandomycin (Oleandomycin phosphate salt dehydrate, Sigma). Polymerase chain reaction (PCR) amplification of the uL4 gene and sequencing showed that the mutant lacks codons 42-90 of the uL4 gene, i.e. the extended loop was completely deleted while leaving flanking sequences intact. The uL22-loop3 mutant, referred to as uL22-loop ( Figure 1C ), is also a derivative of E. coli A19. Construction of the L22-Loop3 mutant in the background of DY380 was described previously (38) . The L22-loop mutation was transferred from DY380 to A19 by the following steps. (i) The pDK46 plasmid carrying genes encoding recombineering enzymes (39) was transformed into E. coli A19. (ii) The L22-Loop3 mutation was amplified from DY380 DNA by PCR. (iii) The PCR fragment was transformed into E. coli A19/pDK46. (iv) The resulting colonies were screened for the presence of the L22-loop mutation by PCR and sequencing. (v) The pDK46 was eliminated by growth at high temperature (39) . The arrow points to the ribosome exit tunnel. (B and C) Structure of uL4 (B) and uL22 (C) extracted from the crystal structure of the 50S subunit. Note that two glycine residues replaced the loop in the uL22 mutant. Furthermore, codon 101 was changed from serine to glycine. Structures are rendered from pdb file 2AW4 (54) (superseded by 4V4Q) using Chimera (http://www.cgl.ucsf.edu/chimera).
(vi) To minimize the possibility of off-site mutations resulting from recombineering the uL22 mutation was finally P1 transduced into a fresh copy of E. coli A19 according to standard P1 transduction protocols. Sequencing of the resulting strain showed that uL22 codons 82-98, i.e. the en- tire extended loop, were replaced by two glycine codons. In addition, the uL22 gene harbored an unintended mutation changing codon 101 from encoding serine to encoding glycine. For measurements of translation pausing, pause signals were integrated by recombineering into the lacZ gene of A19 and the loop deletion strains. Cultures were grown with vigorous shaking in LB medium at the indicated temperatures.
Antisera
Rabbit antisera used for experiments in Figure 2 were a gift from Dr Harris D. Bernstein, National Institutes of Health, USA. Antigens for these were synthetic peptides corresponding to the first 20 amino acids of E. coli uL4 and uL22, respectively. Antisera from rabbits used for the rest of the experiments were prepared for our lab by Covance Research Products, Denver, CO, USA using synthetic peptides corresponding to the N-terminal 21 (uL4) or 23 (uL22) amino acids of the respective E. coli proteins. The use of a synthetic peptide as the antigen ensured that the epitope does not overlap with the deleted region of the proteins.
Ribosomes preparation
Cultures were grown to OD450 = 1.0-2.0 (Hitachi U-1100 spectrophotometer, 10 mm cuvette path length; corresponding to about 2-4 × 10 8 cells per ml). Cultures were typically harvested by pouring over ice ('fast-cool'); where noted, the cultures were allowed to cool to 4
• C in an ice bath before harvesting ('slow-cool'). Cells were collected by centrifugation at 8000 rpm for 10 min in a Beckman JLA 10.5 rotor, resuspended in Buffer A1 (see below) and lysed using a French press at 16 000 psi. Lysates were clarified by spinning at 22 000 rpm for 30 min in a Beckman MLA-80 rotor followed by pelleting the ribosomes at 50 000 rpm for 4 h in the Beckman MLA-80 rotor. The surface of the ribosome pellet was rinsed with Buffer A1 and resuspended overnight at 4
• C in Buffer A1. Ribosomes were salt-washed by mixing one part crude ribosome suspension with nine parts salt-wash buffer (20 mM HEPES-KOH pH 7.5, 6 mM MgCl 2 , 1 M NH 4 Cl, 6 mM ␤-mercaptoethanol), incubating on ice for 1 h, and centrifuging at 50 000 rpm for 4 h. Salt-washed ribosomes were resuspended as described above.
Sucrose gradient analysis
Ten A 260 units of ribosomes or crude lysates were centrifuged through 10-50% sucrose gradients 4
• C for 4-6 h at 40 000 rpm in a Beckman SW40Ti rotor. To maintain 70S and polysomes (associating conditions), we used Buffer A1 (20 mM HEPES-KOH pH 7.5, 6 mM MgCl 2 , 30 mM NH 4 Cl, 6 mM ␤-mercaptoethanol); to separate 70S and polysomes into subunits (dissociating conditions) we used Buffer A2 (same as Buffer A1, except that the MgCl 2 concentration was 0.3 mM), or Buffer A3 (20 mM HEPES-KOH pH 7.5, 1 mM MgCl 2 , 200 mM NH 4 Cl, 6 mM ␤-mercaptoethanol), as noted.
Western analysis
Lysates (0.2 A 260 units), ribosomes (0.1 A 260 units), or portions of sucrose gradient fractions were analyzed following standard protocols. Ribosomal proteins were probed using rabbit antisera against synthetic peptides corresponding to the N-termini of uL4 and uL22 [diluted 1:10 000]. Goat anti-rabbit IgG (Bio-Rad, diluted 1:3000) alkaline phosphatase conjugate was used as the secondary antibody. Probed membranes were incubated in 400 l of ECF Western Blotting reagent (GE Healthcare) for 5 min. Finally, membranes were visualized using a STORM PhosphorImager (Molecular Dynamics).
Northern analysis
A total of 20 l of gradient fraction was mixed with 30 l of formamide (final concentration 60%) and 5 l of 10×load dye (50 mM Tris-HCl, pH 7.6, 0.25% bromophenol blue, 60% glycerol, 1% sodium dodecyl sulphate (SDS)). Samples were incubated at 65
• C for 5 min, then immediately chilled on ice for 5 min before fractionation in 1% agarose gels in 0.5× sodium borate buffer at 150V. Following electrophoresis gels were transferred to Hi-Bond N membranes (Amersham) by the vacuum method. Membrane-bound RNAs were probed by hybridizing 32 P 5 -end labeled oligonucleotides at 37
• C in ULTRAhyb R -Oligo buffer (Ambion) according to manufacturers' specifications, then visualized using a STORM phosphoImager (Molecular Dynamics).
Primer Extension were performed as described in (34) . Peptide-induced pausing and ␤-galactosidase assays were performed as described previously (38) .
RESULTS
The extended loops of E. coli ribosomal proteins uL4 and uL22 are not essential for growth
The uL4-loop strain, isolated as a spontaneous troleandomycin-resistant derivative of E. coli A19, contains a uL4 gene lacking codons . This deletion removes the entire tentacle, but leaves the globular domain intact ( Figure 1B ). The uL22-loop strain carries a uL22 gene in which codons 82-98 were replaced by two glycine codons ( Figure 1C ).
Gel electrophoresis of PCR-amplified copies of the genes confirmed that the mutant strains contained only deletion alleles of the uL4 or uL22 genes ( Figure 2A ). Moreover, Western blots of whole cell lysates and salt-washed ribosomes from the mutant and parent strains showed that uL4 and uL22 in the respective mutants migrated faster on an SDS gel than the corresponding protein bands from the parent ( Figure 2B ). These results confirm that the mutant strains express only the deletion versions of uL4 or uL22, and that these loop-less proteins are incorporated into ribosomes. The mere isolation of strains expressing only uL4 or uL22 mutant proteins shows that the extended loops of these proteins are not required for the generation of ribosomes with sufficient function to sustain life.
Since the uL4-loop mutant was isolated as a spontaneous mutant, we considered the possibility that the phenotype observed with the mutation (see below) might be affected by secondary (suppressor) mutations elsewhere in the genome that were unknowingly selected for. To determine if the uL4-loop deletion alone could generate the observed phenotypes, we used bacteriophage P1 to transduce erythromycin resistance from the original mutant to the A19 parent strain. The transductant recapitulated the phenotype of the original mutant, confirming that the tentacle deletion alone was responsible for the phenotypes.
Lack of the uL4 and uL22 extended loops affects growth
Even though ribosomes containing uL4 or uL22 loop deletion proteins supported growth, both mutant strains grew significantly slower than wild-type on both LB agar plates (not shown) and in liquid LB medium ( Figure 3A ). The uL22-loop mutant grows about half as fast as wild-type at all temperatures ( Figure 3B ). Interestingly, the uL4-loop mutant is cold-sensitive: it grows at almost 50% the wildtype rate at 42
• , but growth rates decrease compared to the parent as the temperature is reduced ( Figure 3B ). At 22
• , the uL4 mutant did not grow.
Deletions of the uL4 and uL22 loops disturb ribosomal assembly
To determine if ribosomal assembly is affected by the uL4-loop and uL22-loop mutations, we analyzed ribosomes from cells grown at 37
• on sucrose gradients in buffer A1, which maintains polysomes and 70S ribosomes ('associating conditions'). Both mutants showed changes in both the 30S and 50S peaks relative to the wild-type ( Figure 4A ). In the uL4-loop mutant, the 30S was enlarged, while the 50S was asymmetric with an edge trailing toward the 30S peak. In the uL22-loop mutant, the 30S and 50S peaks were high relative to the 70S peak when compared to the wildtype cells.
RNA from each sucrose gradient fraction in the region of ribosomal peaks was fractionated on an agarose gel and transferred to a nylon membrane. The membrane was hybridized successively with probes for precursor rRNAs (p16S and p23S) and mature 23S and 16S rRNAs ( Figure  4B ). The probe for precursor 23S (p23S) was complementary to the sequence ranging from seven bases upstream of the mature 5 end to nine bases downstream of the mature end of 23S rRNA (Supplementary Table S1 and Supplementary Figure S1 ). Under our hybridization conditions, this probe hybridizes to incompletely processed 23S carrying a 7 to 8 nucleotide 5 extension, but does not hybridize to mature 23S rRNA or to precursor RNA with shorter 5 end extensions. The p23S probe hybridized to RNA in the 30S peak in the wild-type ( Figure 4B , lane 3), as would be expected since one class of precursor 50S ribosomes in wildtype cells cosediments with the 30S subunit under associating buffer conditions (40) . However, hybridization of the 30S gradient fractions from both mutants was significantly stronger than in the wild-type ( Figure 4B , compare lanes 18-19 and 33-34 with lane 3). We interpret these results as showing that deleting the uL4 or uL22 loop results in elevated levels of precursor 50S particles sedimenting at ∼30S. Unexpectedly, we also observed an increased signal for p16S (17S) in the 30S peak when probing with an oligonucleotide complementary to RNA 95-114 base pairs upstream of the 16S 5 end ( Figure 4B ; compare lane 3 with lanes 18-19 and 33-34) . Furthermore, the 16S probe generated a double band in the northern analysis of RNA from the 30S peaks of the mutants, but not in the northerns of RNA the 30S peak of the wild-type or the 70S peak from any of the strains, confirming the presence of both p16S rRNA (top band) and mature 16SrRNA (bottom band) in the 30S peaks from the two mutant strains ( Figure 3A ; see the enlarged northern images of the 16S probing above each peak fraction in the sucrose gradients and the legend to Figure 3B ). This suggests that the processing of the p16S rRNA is affected by the changes in the 50S assembly.
To further analyze ribosomal assembly in the mutants, we wanted to characterize the mixture of 5 ends of 23S rRNA molecules found in the 30S, 50S, 70Sand polysomes. To this end, we ran a second sucrose gradient on the ribosome preparations from each of the three strains and collected 84 fractions from each gradient (rather than 26 collected from the gradients in Figure 4A ) to obtain a better separation of the different peaks in the fractions collected. The fractions in the 30S, 50S and 70S peaks were Northern analysis of gradient fractions containing ribosomal peaks. RNA was prepared from each sucrose gradient fraction and used for a northern blot, which was probed with oligonucleotides specific for precursor 16S (p16S), precursor 23S (p23S) and mature 16S and 23S rRNA molecules (see text, Supplementary Table S1 and Supplementary Figure S1 for more information about the probes). The bands from the hybridization with the 16S probe to RNA from the 30S and 70S peak fractions were enlarged and shown above each peak in part A. Note that RNA from the 30S peak from the two mutants, but not from the wild-type, contains two types of rRNA hybridizing to the 16S probe. The top bands are precursor 16S (also called 17S) and the bottom bands are mature 16S rRNA. (C) 5 end mapping of 23S-type rRNA in sucrose gradient peaks. A second sucrose gradient was run on the ribosome preparations from each of the three strains and 84 fractions were collected from each gradient. Fractions from the 30S, 50S, 70S and polysome regions pooled separately; RNA from each pool was purified and used for primer extension experiments using a 32 P-labeled primer complementary to a region 72-89 nucleotides downstream of the 5 end of mature 23S rRNA. The products of the primer extensions were fractionated on an acrylamide gel and visualized on a phosphoimager ( Figure 4C ). The 30S peak from the parent strain did not contain sufficient RNA to produce a primer extension profile ( Figure 4C, lane  46) . The results showed that all other peaks contained 23S rRNA with the 5 ends of mature 23S rRNA ( Figure 4C '+1' bands) as well as immature 23S rRNA with ends 1, 3, 4, 7 and 8 nucleotides upstream from the mature 5 end ( Figure  4C , lanes 47-57), although relative intensity of these bands varied between lanes. We refer to these extended molecules as −1, −3, -4, −7 and −8, respectively. To obtain quantitative data, the gel images in Figure 4C were digitized using ImageJ (41) and plotted ( Figure 4D ). The peaks corresponding to the bands in the images of Figure 4C are indicated in Figure 4D . The results showed that the 30S peaks from both mutants contained significant amounts of immature 23S rRNA with 5 ends at positions −7 and −8 as well as smaller amounts of molecules with −1, −3 and −4 ends ( Figure 4D i and ii) . The 50S particles from both mutants also contained immature 23S rRNA, but the balance between −7/−8 and −1/−3/−4 types of 23S rRNA was shifted toward shorter extensions compared with the distribution in the 30S peaks (compare Figure 4D iv and v with panels i and ii), compatible with the notion that the immature rRNA in the 30S peaks is an intermediate on the path to the 23S rRNA in the 50S peak. The higher ratio between longer 5 extensions (−7 and −8) and shorter 5 extensions (−3 and −4) in the 30S relative to the 50S peak also shows that the finding of immature 23S rRNA in the 30S peak is not simply due to spillover from the 50S peak to the 30S peak. A significant fraction of the −7 and −8 molecules in the 30S peak must originate from immature particles cosedimenting with the 30S subunit. The 50S peak from the wild-type contained essentially no −7/−8 5 ends, but did contain detectable amounts of −4, −3 and −1 ends ( Figure  4D iii). Furthermore, it should be noted that very little of the 23S rRNA in the 70S peak has extended 5 ends ( Figure  4D vi-viii) ), but significant amounts of 23S rRNA with 5 extensions was found in the polysomes of the mutant strains (Figure 4Dx and xi) .
Deletion of the uL4 extended loop makes ribosome assembly cold-sensitive
The inability of the uL4-loop mutant to grow at 22
• prompted us to determine the effect of temperature on ribosome assembly. The ribosome sedimentation profile in the mutant, analyzed on sucrose gradients run for a longer time than the experiment shown in Figure 4A , included an additional peak sedimenting slightly slower than the 50S subunits ( Figure 5 ). This peak, referred to as '45S', was increased in the lysate from the 30
• -culture relative to the 42 • -culture. Furthermore, shifting the uL4-loop culture from 42
• to 25
• for 6 h revealed 'chaos' in the 30S-50S region, with multiple overlapping peaks. We conclude that assembly of the 50S subunit in the uL4-loop mutant is indeed cold-sensitive ( Figure 5 ).
Effect of buffer conditions on sedimentation of immature mutant ribosomal particles
To investigate the plasticity of the immature particles, we compared the sedimentation profiles of ribosomes under associating and dissociating conditions. The content of immature particles was accentuated by letting the culture cool slowly to 4
• before harvest (compare Figure 6A with Figure 4A ). Ribosomes were pelleted in buffer A1, then resuspended and analyzed on sucrose gradients in associating or dissociating buffer ( Figure 6A and B, respectively) . The results show that the 45S peak in the uL4-loop mutant in the associating gradient was replaced in the dissociating gradient by two shoulders flanking either side of the 30S peak labeled '25S' and '35S', respectively (compare Figure 6B with Figure 6A ), suggesting that the immature '45S' particles change shape and/or lose protein mass under dissociating conditions. The gradient with uL22-loop ribosomes revealed a prominent 45S peak under the dissociating conditions, which was not seen under associating con- ditions (compare Figure 6B with 6A) . Apparently some of the 50S particles in this mutant also change shape and/or are somewhat unstable. This is consistent with the finding of substantial amounts of p23S rRNA in the 50S peak under associating conditions ( Figure 4B-D) , showing that a significant fraction of the material running as 50S under associating conditions is not fully matured 50S subunits. To test whether the properties of the immature particles were modified by the slow-cool harvesting procedure, we also analyzed ribosomes prepared after harvest of cells over ice on dissociating sucrose gradients ( Figure 6C ). The position of the peaks was the same in ribosomes material from 'slowcool' ( Figure 6B ) and 'fast-cool' ( Figure 6C ) cells, showing that the sedimentation velocity is determined by the dissociating buffer conditions rather than the protocol for cell harvest.
Competition between proteins with and without the extended loop
The accumulation of immature particles containing precursor rRNA suggests that ribosome assembly is hampered when the uL4 or uL22 protein lacks the extended loop. To test this model we compared incorporation of uL4 wildtype and loop deletion proteins into ribosomes in cells harboring both uL4 genes. A wild-type strain harboring a plasmid with the uL4-loop gene expressed from the araBAD promoter was induced with arabinose for 1.5 doublings at 30
• , 37
• and 42
• . Western analysis of purified ribosomes showed a decreasing ratio between the mutant and parent proteins with decreasing temperature ( Figure 7A ). Since neither the parental uL4 promoter nor the ara promoter are temperature regulated, it is unlikely that this difference is due to temperature effects on expression of the two genes. Rather, the results support our conclusion that assembly of ribosomes containing the mutant protein is less efficient than assembly of ribosomes containing the wild-type protein. Western analysis of whole cell extracts also showed decreased uL4-loop protein at 37
• compared to 42
• ( Figure  7A ), suggesting that the uL4-loop protein becomes unstable when the temperature is reduced. Apparently, r-proteins not stably incorporated in ribosome particles are targeted by proteases and eliminated.
To learn if ribosomes could be assembled with both the uL4 and uL22 loop deletion proteins, we transformed the uL4-loop mutant with a plasmid harboring the uL22-loop gene expressed from the araBAD promoter, and induced with arabinose for 1.5 doublings at 37
• . Sucrose gradient analysis ( Figure 7B) shows that the 45S peak increased in size relative to the 50S peak after induction, suggesting that synthesis of the loop-less uL22 protein exacerbates the assembly problems of 50S subunits already caused by the uL4-loop protein. To further investigate if 50S subunits can be formed with both loop deletion proteins, ribosomes were prepared from the double mutant strain that had been induced with arabinose for 1.5 doublings and fractionated on a dissociating sucrose gradient. A 45S peak appeared between the 30S and 50S peaks ( Figure 7C ), as expected from the gradients in Figure 6B . Fractions from the 45S to 50S region of the gradient were analyzed by western blot probed with antibody to uL22. The results show that the 45S peak contains uL22-loop and uL22 wild-type protein in approximately the same amount. In contrast, the 50S peak contains only the wt uL22 mutant, suggesting that 45S particles containing both the uL4 and uL22 deletion proteins are formed, but the 45S particles fail to mature into 50S subunits.
Function of ribosomes containing loop-less uL4 or uL22 proteins
To analyze the function of ribosomes containing either loop deletion protein, we induced the lacZ gene with isopropyl thiogalactoside (IPTG) and measured ␤-galactosidase activity as a function of time after induction (Figure 8 ). The lag time before the appearance of enzyme activity above the basal level is inversely correlated with the peptide elongation rate (42) . Induction kinetics at 42
• and 30
• showed that the induction delay in the uL22-loop mutant was not significantly longer than in the parent at any temperature. Thus, the deletion of the uL22 loop had little effect on the ribosome translation rate. In contrast, the loss of the uL4 loop significantly impairs the translation speed of the ribosomes in a temperature dependent manner. At 42
• , the induction delay in the uL4-loop strain was slightly longer than in the wild-type (Figure 8 ). At 37
• the induction time for uL4-loop was about 25% longer than for the wild-type, but at 30
• the uL4-loop ribosomes took almost twice as long as the wild-type to produce enzyme, showing that they translate at only approximately half the speed of wild-type ribosomes. Note that the induction delay is determined by the fastest ribosomes in the cell and is thus not affected by the kinetics of ribosome assembly or heterogeneity of the 70S ribosomes.
Previous studies showed that insertion or missense mutations in the uL4 loop strongly reduce ribosome affinity for macrolide antibiotics, while mutations in the uL22 loop have little effect (34, 43) . We measured erythromycin binding to ribosomes from each of the loop deletion mutants. The loop deletion mutants recapitulated the results from other uL4 and uL22 loop mutants: the uL4-loop ribosome bound essentially no drug, while binding to the uL22-loop mutant ribosomes was reduced by only 35% (data not shown). The removal of the loops thus generates an erythromycin binding phenotype which is very similar to that observed for the missense and insertion mutants.
Finally, we assessed the ability of mutant ribosomes to respond to pausing signals in nascent peptides. These signals are derived from short amino acid sequences, 'pausing peptides', that arrest or pause translation, either spontaneously or in the presence of specific cofactors such as antibiotics.
To measure crb pausing, we inserted a segment containing the gene for the leader peptide (Crb CmlA ), the intercistronic region encoding a hairpin between the Crb leader and cmlA, and first 15 codons of cmlA into the chromosomal lacZ gene present on the chromosome (38) (Figure 9A ). In the presence of low concentrations of chloramphenicol, ribosomes pause at the end of the crb message and sterically prevent the formation of a hairpin, which, if intact, sequesters the ribosome binding site for the cmlA::lacZ fusion gene ( Figure 9A ) (38) . That is, in this system pausing increases ␤-galactosidase translation. As found with other uL22 loop mutants (38) , the uL22 loop deletion had a modest effect (30% reduction) on crb pausing. In contrast to missense and insertion mutants in the uL4 loop, the uL4-loop mutation severely debilitated crb pausing, reducing ␤-galactosidase synthesis by about 90% ( Figure 9B ). This is a much stronger effect than previously found for other uL4 loop mutations, which only reduced crb pausing by 10-45% (38) .
To measure secM pausing, which does not require a cofactor, the DNA sequence for the pausing peptide was inserted into the chromosomal lacZ gene (Supplementary Figure S1A) . As previously reported, wild-type ribosomes are efficiently arrested on the secM::lacZ mRNA, resulting in an almost 1000-fold decreased accumulation of ␤-galactosidase activity (Supplementary Figure S1B) (38) . Ribosomes carrying the uL4-loop mutation respond almost as well: the secM pausing peptide reduces ␤-galactosidase production more than 500-fold. The uL22-loop deletion strain shows a reduced response to the SecM peptide, with an almost 10-fold increase in ␤-galactosidase activity relative to the parent. However, this is still only about 1% of the enzyme level in the control strain without the secM pause signal (Supplementary Figure S1B) . In conclusion, deletion of the uL4 and uL22 loops has only a marginal effect on the SecM pause peptide, a result similar to what we have reported for other uL4 and uL22 loop mutations (38) .
DISCUSSION
Role of the extended loops of uL4 and uL22 in ribosome biogenesis
Our experiments show that the extended loops in uL4 and uL22 are not essential for E. coli viability and growth. This confirms our previous conclusion that 50S ribosomes capa- ble of entering polysomes can be formed with uL4 or uL22 lacking part or all of the extended loops (36) . However, in our previous analysis the deletion proteins were expressed temporarily from inducible genes and 'chased' into mature 50S ribosomes, preventing detailed analysis of the ribosome assembly process. In the current report, ribosome assembly and function were analyzed in strains without wild-type uL4 or uL22 genes, i.e. containing only the loop deletion alleles. Under that regime, we could show that without the uL4 or uL22 extended loops, cells grow slowly and accumulate immature ribosomal particles, demonstrating that ribosomal assembly is hampered. We conclude that the loops facilitate ribosome formation, although cells can still make functional ribosomes in the absence of the uL4 and uL22 extended loops. Interestingly, while the uL4 and uL22 genes are essential in E. coli (44) , the bacterial species Deinococcus radiodurans survives with ribosomes entirely lacking uL4, even though this mutant strain grows at only one-third the rate of wild-type cells and also accumulates immature LSUs (J.M. Zengel and L. Lindahl, manuscript in preparation). On the other hand, the extended loop in yeast ribosomal protein uL4 (RPuL4) is essential for growth and ribosome assembly ((45) and our unpublished results). The difference between bacteria and yeast may relate to the fact that the assembly system in eukaryotes is much more complex than the bacterial system; eukaryotes may have exploited the uL4 loop to perform assembly function(s) that do not exist in bacteria. Indeed, it was recently proposed that part of the Nucleic Acids Research, 2016, Vol. 44, No. 12 5807 uL4 extended loop may be used as a nuclear localization signal in eukaryotes (46) .
The uL4 and uL22 mutants show different sucrose gradient profiles of immature particles containing p23S rRNA (Figure 4) . Moreover, the sedimentation profiles depend on the buffer conditions. Specifically, analysis of ribosomes from the uL4 mutant revealed immature ribosome peaks at 30S and 45S under 'associating conditions', but at 25S and 35S under dissociating conditions, while analysis of uL22 mutant ribosomes revealed 30S and 50S immature particles under associating conditions, but 30S and 45S particles under dissociating conditions ( Figure 6 ). Together these experiments suggest that the immature particles change conformation and/or lose protein material depending on the ionic conditions. They also suggest that the extended loops of uL4 and uL22 are critical for separate steps of ribosome assembly.
Implications of incomplete trimming of rRNA in mutant ribosomes
The incorporation of loop-less uL4 and uL22 proteins into 50S subunits affects rRNA processing; we found incompletely processed 5 ends in the 23S from both mutants. Interestingly, both mutants accumulated more unprocessed 5 ends of 23S rRNA in polysomes than in 70S ribosomes. This observation parallels the finding of precursor 16S rRNA in polysomes (47) and supports the notion that the final steps in rRNA processing involve binding to mRNA (48) . Possibly, almost-mature precursors particles are tested for translation competence on polysomes, before final maturation and stabilization of the 50S subunits, in a process similar to the translation-like quality control checkpoint in yeast (49) .
Contribution of the uL4 extended loop to ribosome assembly
What is the role of the uL4 loop in ribosome assembly? Considering that (i) the uL4 extended loop is intrinsically disordered in the free protein (50) , but has a defined structure in the mature ribosome (3, 4) ; (ii) the uL4 loop interacts with several domains in 23S rRNA in the mature ribosome (51); (iii) purified uL4 protein binds specifically to Domain I of 23S rRNA (52, 53) and (iv) the globular domain of uL4 is bound to Domain I of 23S rRNA in the mature 50S subunit (54) , it appears that the globular uL4 domain is responsible for the initial binding of uL4 to rRNA. This process may be cooperative since L24 binds close to uL4 in Domain I (53) . Furthermore, it is important to note that deletion of the gene encoding the RNA helicase SrmB, involved in 50S assembly, generates phenotypes similar to those of the L4 extended loop deletion mutant, including severe cold sensitivity, accumulation of 50S precursor(s), 23S processing defect, and, especially interesting, accumulation of 17S SSU RNA precursor (55) . While the effect on 16S rRNA processing may be indirect, it should be noted that this effect is common to the L4 loop and the srmB deletions, but is absent with other mutations that hamper 50S assembly such as deletion of the csdA/deaD gene (56) . Moreover, the SrmB helicase co-immunoprecitates with uL4 and uL24, suggesting that SrmB forms a complex with uL4 and uL24 during ribosome assembly (57) . We therefore propose that, subsequent to formation of the initial uL4-uL24-pre23S rRNA complex, the uL4 loop and parts of p23S rRNA fold cooperatively, likely with the help of the SrmB RNA helicase, Accordingly, deletion of the uL4 loop would preclude the formation, or perhaps action, of the uL4-L24-SrmB complex, thereby changing the assembly to a slower alternate, cold sensitive path that results in functionally cold sensitive ribosomes. In contrast to uL4, the uL22 loop structure is essentially the same in crystals of both the free protein (58) and the mature ribosome (3, 4) , suggesting that uL22 modifies the rRNA structure, but is not itself significantly changed in structure.
Loops and extensions of other ribosomal proteins may play roles similar to the uL4 and uL22 loops (59) . For example, both the flexible loop of uL11 protein and rRNA are re-organized when the protein binds to rRNA (60) . In addition, the extensions of S12 and L20 play roles in the assembly of their respective subunits (61, 62) .
Why ribosome assembly mutants contain 70S ribosomes
Given the extensive interactions of the amino acids in the uL4 and uL22 extensions with the rRNA core of the 50S subunit (3, 4) , one might have assumed that their deletion would abort ribosome assembly, preventing cell survival. Yet, cells are viable despite these deletions (albeit with reduced growth rates). Two things may explain this apparent discrepancy. First, the deletion of the loops may slow a particular step in the 23S rRNA normal/major folding pathway without completely preventing it. This would lead to a buildup of normal assembly intermediates, which in the wild-type are below the detection level. Second, it is important to note that alternate ribosome assembly pathways have been observed, i.e. ribosomal assembly occurs in a set of branched pathways (63, 64) , not a single linear pathway as the process traditionally is represented. Thus, if the folding step facilitated by one of the uL4 or uL22 protein loops has a major effect on 23S rRNA folding, or completely block the normal/major folding pathway, the formation of 70S ribosomes may switch to an alternate pathway in the energy landscape, leading to accumulation of assembly intermediates characteristic of the alternate pathway. We cannot distinguish between these possibilities and it is indeed possible that they both contribute simultaneously to formation of 70S ribosomes in the mutants.
When we induced expression of L22-loop in cells carrying a wild-type L22 gene and the uL4-loop gene, we observed 45S particles containing both loop deletion proteins. However, the mature 50S subunits contained only the uL4-loop protein and not the uL22-loop protein ( Figure 7 ). We interpret this to mean that ribosomal particles containing both deletion proteins cannot be converted into 50S subunits suggesting that the uL4 and uL22 extended loops cooperate in some way, which lands the double mutant in a kinetic trap. The uL4-loop uL22-loop 45S particles appear to be unstable, paralleling the observation of ribosome turnover of ribosomal particles in the presence of sub-lethal neomycin concentrations (65) .
Translation by mutant ribosomes
Cold-sensitivity is a frequent feature of ribosome assembly mutants; see, e.g. (66) (67) (68) (69) (70) (71) (72) (73) (74) . Interestingly, both assembly and function of ribosomes assembled with the uL4-loop mutant are cold-sensitive. In contrast, the uL22-loop ribosome translates at almost the same rate as the parent ribosome at all temperatures (Figure 8 ), even though ribosome assembly is also abnormal in this mutant (Figure 4) . These results suggest that the extension of uL4 is required for both efficient assembly and optimal translation, particularly at low temperature, while uL22's extended loop plays predominantly a role in assembly. On the other hand, it is interesting to note that insertions into the uL22 loop significantly reduce the ribosome translation rate (34) , suggesting that, for this protein, adding extra mass inside the ribosome may be more detrimental to ribosome function than simply removing the loop.
Interdependence of assembly of the two ribosomal subunits
We were surprised that the deletion of the uL4 and uL22 extended loops also affects the processing of 16S rRNA, as indicated by the increased accumulation of p16S rRNA in the 30S peaks of the mutant strains. Previous studies showed that the assembly of the 30S subunits affects the formation of the 50S, but not vice versa (75) . Our observations suggest that the prevailing view that the rRNA processing and assembly of the two subunits are largely independent of each other deserves further scrutiny.
Translation pausing in ribosomes lacking the uL4 and uL22 extended loops
Gabashvilli et al. (76) suggested that the constriction formed by the tips of the uL4 and uL22 loops functions as a gate that regulates the migration of the nascent peptide through the tunnel. However, the effect of the loop deletions on pausing is, for the most part, modest, suggesting that passage through the uL4-uL22 constriction is not a necessary part of the pausing mechanism, at least not for the two pausing systems, secM and cmlA, tested here. In fact, recent experiments demonstrated that interaction between the erythromycin pausing peptide and the ribosome changes the structure of the peptidyl transferase center and reduces its activity (77) , suggesting that pausing peptides set off cascades of structural modulations that ultimately target the peptidyl transferase center rather than a gate in the exit tunnel.
Comparison of deletion and insertion mutants
We have previously reported that point mutations as well as insertions and short deletions in the uL4 and uL22 loops also affect ribosome assembly and rRNA processing (34) . Based on the phenotypes of those mutants, we could not determine whether the phenotype is caused by loss of contact between the uL4 or uL22 loop and 23S rRNA, or by generation of new but inappropriate contacts between rRNA and the mutated loops. In general, there is a strong similarity between the particles accumulating in the mutants with modified loops described previously (34) and the loopless mutants reported here, suggesting that the loss of the contacts that exist in the parent are the most important for normal assembly. The uL4 and uL22 loop deletion mutants also respond with high efficiency to the secM pause peptide, as do the insertion and deletion mutants (38) . However, the uL4 and uL22 loop deletion mutants differ in their response to the crb cmlA pause signal. While the response in the uL22-loop cells is similar to the response of uL22 insertion and missense mutations, the uL4-loop mutant responds very differently compared to the uL4 loop-insertion and missense mutants. The latter mutations have no major impact on the reading of this pause signal. In contrast, the uL4 loop deletion mutant fails almost entirely to pause in response to the crb cmlA pausing peptide. Thus, the ability to pause during translation of the crb cmlA appears to depend on maintaining contacts that are preserved in the insertions and missense mutants, but removed in the deletion mutant.
